Msx1 and Msx2 function together in the regulation of primordial germ cell migration in the mouse  by Sun, Jingjing et al.
Developmental Biology 417 (2016) 11–24Contents lists available at ScienceDirectDevelopmental Biologyhttp://d
0012-16
n Corr
E-mjournal homepage: www.elsevier.com/locate/developmentalbiologyMsx1 and Msx2 function together in the regulation of primordial germ
cell migration in the mouse
Jingjing Sun, Man-Chun Ting, Mamoru Ishii, Robert Maxson n
Department of Biochemistry and Molecular Biology, Norris Cancer Hospital, University of Southern California, Keck School of Medicine, 1441 Eastlake Avenue,
Los Angeles, CA 90089-9176, USAa r t i c l e i n f o
Article history:
Received 23 June 2015
Received in revised form
13 July 2016
Accepted 15 July 2016
Available online 18 July 2016
Keywords:
Primordial germ cell
PGC
Msx1, Msx2
Bmp pathway
Wnt5a
PGC migration
Fibronectinx.doi.org/10.1016/j.ydbio.2016.07.013
06/& 2016 The Authors. Published by Elsevier
esponding author.
ail address: maxson@usc.edu (R. Maxson).a b s t r a c t
Primordial germ cells (PGCs) are a highly migratory cell population that gives rise to eggs and sperm.
Much is known about PGC speciﬁcation, but less about the processes that control PGC migration. In this
study, we document a deﬁciency in PGC development in embryos carrying global homozygous null
mutations inMsx1 andMsx2, both immediate downstream effectors of Bmp signaling pathway. We show
that Msx1 /;Msx2 / mutant embryos have defects in PGC migration as well as a reduced number of
PGCs. These phenotypes are also evident in a Mesp1-Cre-mediated mesoderm-speciﬁc mutant line of
Msx1 and Msx2. Since PGCs are not marked in Mesp1-lineage tracing, our results suggest that Msx1
and Msx2 function cell non-autonomously in directing PGC migration. Consistent with this hypothesis,
we noted an upregulation of ﬁbronectin, well known as a mediator of cell migration, in tissues through
which PGCs migrate. We also noted a reduction in the expression of Wnt5a and an increase in
the expression in Bmp4 in such tissues in Msx1 /;Msx2 / mutants, both known effectors of PGC
development.
& 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
PGCs are the embryonic precursors of oocytes and spermato-
zoa. In mouse, PGCs are speciﬁed by a mechanism in which
germline cells are induced from pluripotent epiblast cells by sig-
naling molecules of the Bmp and Wnt families (Lawson et al.,
1999; Ohinata et al., 2009; Ying et al., 2001; Ying and Zhao, 2001).
Wnt3 causes epiblast cells in the pre-streak egg cylinder to be-
come competent to adopt a PGC fate when supplied with Bmp4
(Ohinata et al., 2009). Bmp/Smad signaling allows the binding of
mesodermal factor T (Brachyury), an effector of Wnt3, to cis-reg-
ulatory elements and activates Blimp1 and Prdm14, two master
transcriptional regulators that mark PGC precursors and co-
ordinate a program of PGC speciﬁcation (Aramaki et al., 2013;
Magnusdottir et al., 2013; Nakaki et al., 2013; Ohinata et al., 2005;
Yamaji et al., 2008). Bmp signaling plays an indirect role mediated
by its downstream transcription factors (TFs) in this process, by
either repressing Wnt targets that inhibit Blimp1 and Prdm14 or
activating coactivators that facilitate their activation (Aramaki
et al., 2013).
During development, PGCs take a long journey that is highly
coordinated with the morphogenesis of the tissues they passInc. This is an open access article uthrough. Successful migration of PGCs requires both intrinsic sig-
nals that ensure PGC motility and survival (Steel factor or Kitl, E-
Cdh, Ror2, Wnt5a (Chawengsaksophak et al., 2012; Di Carlo and De
Felici, 2000; Gu et al., 2009; Laird et al., 2011)) and external gui-
dance cues, attractive and repulsive (Molyneaux and Wylie, 2004;
Richardson and Lehmann, 2010). Prior to migration, PGC founders
are located at the allantois base. Around E7.75, PGCs exit the al-
lantois mesoderm, enter the deﬁnitive endoderm and are carried
along with the endodermal cells as the hindgut elongates (An-
derson et al., 2000; Ginsburg et al., 1990). At E9.5, PGCs rapidly exit
the basal lamina of the gut epithelium into the mesentery at E9.5.
They move dorsally, reaching the dorsal body wall at E10.5 and
migrate laterally into the genital ridge by E11.5 (Molyneaux and
Wylie, 2004; Molyneaux et al., 2001).
Besides the chemoattraction mediated by Sdf1/Cxcr4 (Ara et al.,
2003; Molyneaux et al., 2003), adhesion molecules and extra-
cellular matrix (ECM) components provide a permissive environ-
ment for migrating PGCs (Anderson et al., 1999; Bendel-Stenzel
et al., 2000; Di Carlo and De Felici, 2000; Diez-Torre et al., 2013).
Disrupting β1-integrin results in impaired PGC-ECM interaction,
and leads to extra-gonadal localization of PGCs (Anderson et al.,
1999). Consistent with the requirement for integrins, glycoproteins
in the ECM, such as Fibronectin, Laminin and Type IV collagen
have been shown to interact with PGCs in vivo or in vitro (Alvarez-
Buylla and Merchant-Larios, 1986; De Felici and Dolci, 1989; Fuji-
moto et al., 1985). Moreover, their adhesion to PGCs changes as ander the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(De Felici et al., 1992; Ffrench-Constant et al., 1991; Garcia-Castro
et al., 1997). ECM deposition is regulated by a number of cytokines
of the TGF-β super family via Smads (Chuva de Sousa Lopes et al.,
2005; Costello et al., 2009). In particular, Bmp4 enhances Fi-
bronectin synthesis or assembly in a number of cell types (Molloy
et al., 2008; Pegorier et al., 2010; Tang et al., 2003). In vivo,
P-Smad1/5 is detected in the somatic mesodermal tissues sur-
rounding migrating PGCs and Bmp4 stimulates the motility of
migrating PGCs through its downstream TFs in organ culture
(Dudley et al., 2007).
Msx genes encode highly conserved homeobox-containing
transcription factors (Bell et al., 1993; Gauchat et al., 2000; Pollard
and Holland, 2000). In mammals, Msx1 and Msx2 are expressed in
overlapping domains and function cooperatively in controlling
tissue interactions in many morphogenetic processes (Chen et al.,
2007; Han et al., 2007; Ishii et al., 2005; Lallemand et al., 2005; Le
Bouffant et al., 2011; Phippard et al., 1996; Roybal et al., 2010).
They are well-documented immediate downstream effectors of
the Bmp signaling pathway (Bei and Maas, 1998; Brugger et al.,
2004; Furuta and Hogan, 1998; Marazzi et al., 1997; Vainio et al.,
1993). In a survey of Msx gene expression during embryogenesis,
we found that Msx1 and Msx2 are among the ﬁrst group of me-
sodermal transcription factors activated by Bmps, as also sug-
gested by another group (Aramaki et al., 2013; Kurimoto et al.,
2008). This ﬁnding, together with the key role played by Bmp
signaling in PGC development prompted us to investigate whether
Msx genes are involved in PGC development.
In this study, we show that Msx1 and Msx2 are expressed both
in PGC precursors and in neighboring somatic cells, and that both
conventional inactivation of Msx1 and Msx2, as well as conditional
ablation in the mesoderm, affect the initial step of PGC migration,
resulting in an altered distribution of PGCs in the endoderm and
ectopic localization of PGCs in the tail. We show that Msx1 and
Msx2 function in the mesoderm upstream of Wnt5a and Bmp4,
and present evidence for their inﬂuence on the distribution of
Fibronectin and thus the migration of PGCs.2. Materials and methods
2.1. Mice and genotyping
The generation and genotyping of classical and conditional
Msx1 and Msx2 mutant alleles were reported previously (Fu et al.,
2007; Satokata et al., 2000; Satokata and Maas, 1994). Classical
mutant lines were maintained in a BALB/c genetic background,
and compound Msx1, Msx2 heterozygotes were crossed to produce
Msx1 /;Msx2 / mutant embryos. Conditional Msx1 and Msx2
mutant alleles were maintained in mixed background. Mesp1-Cre
and R26RlacZ allele was introduced to create the mesodermal-
speciﬁc knockout embryos carrying a lacZ reporter (Saga et al.,
1999; Soriano, 1999). Mesp1-Cre;Msx1ﬂ/ﬂ;Msx2ﬂ/ﬂ;R26RlacZ/lacZ mu-
tants were generated through the mating between Mesp1-Cre;
Msx1þ /ﬂ;Msx2ﬂ/ﬂ;R26RlacZ/lacZ males and Msx1ﬂ/ﬂ;Msx2ﬂ/ﬂ;R26RlacZ/
lacZ females. The noon copulation plug was counted as embryonic
day 0.5. Genomic DNA samples were prepared from mouse tails
for adults or embryonic tissues according to the method reported
by Hogan et al. (1994).
2.2. cDNA synthesis and qPCR
Total RNA was extracted from the caudal part of E11.5 mouse
embryos with RNeasy plus mini kit (Qiagen). The ﬁrst strand cDNA
was synthesized with Omniscript RT kit (Qiagen). For each reverse
transcription product, the following primers were used for qPCRanalysis: Fibronectin, 5′-TAC CAA GGT CAA TCC ACA CCC C-3′ (for-
ward), 5′-CAG ATG GCA AAA GAA AGC AGA GG-3′ (reverse); Gapdh,
5′-ACC ACA GTC CAT GCC ATC AC-3′ (forward), 5′-TCC ACC ACC CTG
TTG CTG TA-3′ (reverse). The relative expression levels were nor-
malized by Gapdh mRNA level. Student T-test was used to evaluate
the signiﬁcance.
2.3. In situ hybridization
An Msx1 1.2kb XhoI-XbaI cDNA fragment was subcloned into
pSP72. Msx2 full-length cDNA was cloned into pBSKII(þ) between
BamHI and EcoRI sites. The Blimp1 cDNA construct is a kind gift
from Dr. Saitou at RIKEN Kobe Institute, Japan (Ohinata et al.,
2005). The Fragilis cDNA probe was obtained from Dr. Surani at
Wellcome Trust/Cancer Research UK Institute (Saitou et al., 2002).
The Wnt5a probe was generously provided by Dr. SK Dey at Cin-
cinnati Children’s Hospital Medical Center (Daikoku et al., 2011). A
700bp Fibronectin cDNA probe was generated by PCR with forward
5′-AGA TGA CTC ATG CTT TGA CCC-3′ and reverse 5′-TGC TGA AGC
TGA GAA CAT GGC-3′ primers. Ribonucleotide probes were syn-
thesized by PCR with either Fluorescein-UTP or Digoxygenin-UTP
(Roche Applied Science). Whole-mount in situ hybridization was
performed largely based on the method reported by Hogan and
visualized by BM-purple substrate (Roche Applied Science) (Hogan
et al., 1994). Prior to sectioning, embryos were ﬁxed overnight in
4% PFA/PBS and embedded in HistoPrep (Fisher). In situ hy-
bridization on frozen sections was performed as previously de-
scribed and ﬂuorophore-conjugated Tyramide (TSA™PLUS, Perkin
Elmer) was used to amplify the signal (Ting et al., 2009).
2.4. β-Galactosidase and alkaline phosphatase staining
For β-Gal staining on frozen sections, 0.2% glutaraldehyde/PBS
was used for ﬁxation prior to staining. Sections were then washed
and stained overnight at 37 °C as previously described (Ishii et al.,
2003). To count PGCs at E8.5, embryos were dissected and ﬁxed for
1 h in 4% PFA/PBS at 4 °C, washed three times in cold PBS and
treated with 70% ethanol for 1 h at 4 °C. After washing another
three times with distilled water, they were stained with α-naph-
thyl phosphate/fast red TR for 15 min at room temperature
(Ginsburg et al., 1990). Embryos were then rinsed in water and
preserved in 70% glycerol. The anterior portion of each embryo
was collected for genotyping, and the posterior portion was ﬂat-
tened under a coverslip for counting. Alkaline phosphatase stain-
ing on frozen sections was performed according to the method
reported previously (Ishii et al., 2003).
2.5. Immunohistochenistry
To evaluate cellular proliferation at E11.5, BrdU (Sigma) was
injected into the pregnant female (200 mg/g body weight) 2 h prior
to dissection. Immunodetection was done with a BrdU staining Kit
(Life Technologies) following alkaline phosphatase staining. A
rabbit anti-PH3 antibody (1:200, upstate) and a mouse anti-SSEA-
1 antibody (1:200, Developmental Studies Hybridoma Bank) were
used for double labeling at E12.5. To detect Fibronectin, a poly-
clonal anti-Fibronectin antibody (1:200, Sigma) was used. Rho-
damine or FITC conjugated anti-mouse IgG or anti-rabbit IgG
secondary antibodies were used for immunoﬂuorescent detection
and DAPI for counterstaining. For polyclonal rabbit β-Gal antibody
(Cappel, MP Biomedicals), a peroxidase conjugated goat anti rabbit
IgG secondary antibody (Life Technologies) was used to activate
the ﬂuorescein conjugated tyramide (TSA™PLUS, Perkin Elmer).
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For PGC counting at E8.0–8.5, all the embryos harvested and
stained (n¼181) were ﬁrst categorized by their genotypes and
numbers of somite. Number of PGCs counted from embryos at 4–9
(n¼73) somite stage were plotted because at least one Msx1 /;
Msx2 / mutant embryo was obtained. A standard deviation was
calculated if there were more than one individual in the category.
Three pairs of Msx1þ / (one female and two males) and Msx1 /;
Msx2 / (three males) embryos were harvested to compare
number of PGCs at E12.5. After frozen sectioning and ALP staining,
numbers of PGCs in the genital ridge, the mesentery and dorsal
body wall as well those in the tail were calculated separately by
adding up the counts from each transverse section through the
posterior portion of the embryos. 135, 145 and 130 sections from
Msx1þ / controls were counted; among these 103, 110 and 95
sections respectively were cut through the genital ridges. FromM
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in one pair of control and mutant embryos (both males) at E11.5
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Fig. 2. Transient expression ofMsx1 andMsx2 in the germline during the speciﬁcation of PGCs. (A–D′) Sagittal sections from E6.5 and E7.5 wild-type embryos were collected
and subjected to in situ hybridization with RNA probes against Msx1 or Msx2 (green) and Blimp1 (red) simultaneously. Immunoﬂuorescence was used for detection. With
both Msx1 and Msx2, some overlap with Blimp1 was evident (arrows), suggesting that a subpopulation of PGC precursors expresses Msx genes. (E–F′) A Fragilis RNA probe
(green) was used with Msx1 or Msx2 (red) to conﬁrm this result. (G–J) Msx1 was expressed in allantois, visceral endoderm and gut endoderm (GE) where PGCs are found at
approximately E8.25. Msx2 was expressed in the allantois. By E9.5, when PGCs migrate up along the hindgut, Msx1 and Msx2 were expressed in the body wall.
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3.1. Msx1 and Msx2 are expressed in the tissues that give rise to
PGCs
Typically 6 Blimp1-positive PGC precursors are induced from
the posterior proximal epiblast at E6.25, increasing to approxi-
mately 16 by E6.5 (Ohinata et al., 2005). These cells give rise to the
45 Fragilis-positive founder PGCs at E7.25 (Saitou et al., 2002). We
carried out in situ hybridization to determine the expression do-
mains of Msx1 and Msx2 in relation to the location of PGCs. Using
both whole mounts (Fig. 1A–F) and sections (Fig. 1G–I″), we found
that Msx1 was expressed in the distal end of the primitive streak
(arrows, Fig. 1A, G) and visceral endoderm (VE) (arrowheads,
Fig. 1A, G) at E6.5. Msx2 transcripts were detectible only in tissue
of mesodermal origin (arrows, Fig. 1D, G′).
At approximately E7.5, both Msx1 and Msx2 were expressed in
the embryonic and extraembryonic mesoderm, including the al-
lantois (asterisks, Fig. 1B, E, H–H″, I–I″), amniotic mesoderm and
some chorionic mesoderm. The expression of both genes became
even stronger at E8.0 (Fig. 1C, F). Msx1 was maintained in the VE
during the relocation of PGCs from the allantois base to the gut
endoderm (arrowhead, Fig. 1I).
Msx genes were thus continuously expressed in the tissues that
contain PGCs or their precursors. The expression of Msx genes is
likely induced by Bmp signaling at the time of PGC speciﬁcation. A
lacZ reporter driven by a 560 bp distal Msx2 enhancer fragment,
560bpMsx-hsplacZ was expressed in the proximal epiblast at E6.25
and became restricted to the posterior primitive streak from E6.5
(Supplementary Fig. 1A, B, D–F). This enhancer element responds to
Bmp signaling efﬁciently in vivo and in vitro through a central AT-rich
Antennapedia-class homeodomain recognition sequence ﬂanked by
Smad-binding sites (Brugger et al., 2004). A mutation in the AT-rich
site that abolishes the Bmp-responsiveness of this element also
eliminated its expression in the egg cylinder (Supplementary Fig. 1C),
suggesting that Bmp signaling activates Msx2 in the epiblast.
To determine whether Msx genes are expressed in PGCs, we
labeled frozen sections of embryos at E6.5 to E8.5 with an Msx1 or
Msx2 probe and a Blimp1 or Fragilis probe simultaneously, and
visualized the signals by immunoﬂuorescence microscopy. Double
labeling with Blimp1 and Msx1/2 revealed some punctate yellow
pixels at E6.5 and E7.75 (arrows, Fig. 2A–D′), indicating coexpres-
sion of these mRNAs. Transcripts of Msx1 and Msx2 were clearly
more concentrated in mesoderm and VE surrounding PGC pre-
cursors or founders. We obtained a similar result with a Fragilis
probe at E7.5 (Fig. 2E–F′).
At E8.5, Msx1 was expressed in the allantois, extraembryonic
visceral endoderm (ExVE) and gut endoderm (Fig. 2G). Fragilis-
marked PGCs are embedded in the endoderm, transitioning from
ExVE to gut endoderm. Though Msx1 was expressed in the sur-
rounding endoderm, no signal was observed in PGCs. Msx2 was
not expressed signiﬁcantly in the endoderm (Fig. 2I). At E9.5, a
majority of PGCs are migrating anteriorly along the hindgut, and
both Msx1 and Msx2 transcripts were found in the body wall.
Collectively,Msx1 andMsx2 were expressed in PGC precursors and
PGC founders at low levels, but were subsequently excluded from
endoderm-localized PGCs by E8.5. Our results are consistent with
a previous single-cell array analysis suggesting that Msx1 and
Msx2 are upregulated in Blimp1-positive PGCs isolated from E/MB-
stage (E7.25–E7.5) embryos compared to PS-stage (E6.25) proximal
epiblast (PrE) cells (Kurimoto et al., 2008).
3.2. Loss of function of Msx1 and Msx2 causes a defect in PGC
migration
Knowing that Msx genes are expressed in the tissues that giverise to PGCs, we asked whether loss of Msx gene function causes
any deﬁciency in germ cell development. We carried out whole
mount ALP staining to identify PGCs within E8.0−8.5 embryos
produced byMsx1þ /;Msx2þ / parents. In wild-type and controls,
PGCs were ﬁrst located in the junction of the allantois and gut
endoderm (Fig. 3B), and then along the invaginating hindgut
(Fig. 3C). Both the active migration by PGCs themselves and the
expansion of hindgut endoderm may contribute to this relocation
process (Anderson et al., 2000; Hara et al., 2009). Msx1 /;Msx2 /
 mutants contained PGCs, suggesting that Msx genes are not
absolutely required for PGC speciﬁcation. However, the distribu-
tion of PGCs in gut endoderm was abnormal. In the 4-somite
mutant embryo, a string of PGCs stretched along the most pos-
terior end of the endoderm (Fig. 3D). More strikingly, these PGCs
formed several parallel strings across the hindgut endoderm at the
8-somite stage (Fig. 3E). PGCs in Msx1 /;Msx2 / mutants were
thus spread laterally instead of being conﬁned to the hindgut in
the middle. This phenotype is not due to a change in the timing of
when PGCs leave the allantois mesoderm and enter the endoderm,
as this occurred in both control and mutant embryos at approxi-
mately E7.5 (Supplementary Fig. 2A–E).
We proceeded to examine the distribution of PGCs at E9.5
when they are migrating anteriorly along the hindgut epithelium
and dorsally throughout the mesentery towards the dorsal aorta.
The posterior portions of both control and mutant embryos were
sectioned and subjected to ALP staining. We compared the sec-
tions from control and mutant embryos at similar levels along the
A-P axis and found that PGC migration was retarded in the mu-
tants. In Msx1þ / controls, more PGCs were found in the anterior
hindgut region (Fig. 3G), and no PGCs were left in the very end of
the tail (Fig. 3I). In Msx1 /;Msx2 / mutants, fewer PGCs
reached the anterior hindgut (Fig. 3J) and a few clusters of PGCs
were found at the posterior hindgut region (arrow, Fig. 3L). Some
tail-localized PGCs in the mutants were not incorporated into the
hindgut epithelium (Fig. 3O), and therefore were not on the path
to the gonad. We also saw a delay in migration and ectopic loca-
tion of PGCs in the tail in whole mount stained embryos (arrow-
heads, Supplementary Fig. 2J, K). At E11.5, a number of PGCs were
still present in the tails of Msx1 /;Msx2 / mutants (Fig. 3P).
Although the majority of PGCs reached the genital ridge by
E12.5, a small number were still migrating through the dorsal
mesentery in wild-type or Msx1þ / control embryos. However,
this process was greatly delayed in Msx1 /;Msx2 / mutants.
We counted the number of PGCs located in the mesentery and
dorsal body wall in both control and mutant embryos, and found
that in mutants, there was a signiﬁcantly greater number of PGCs
left in both sites (Fig. 3Q). Most strikingly, we observed a large
number of mislocalized PGCs in the distal end of the tail (Fig. 3Q),
a phenotype similar to one reported in mice deﬁcient in the
proapoptotic protein, Bax (Runyan et al., 2008; Stallock et al.,
2003). Additional clusters of ectopic PGCs were found in the
ventral body wall.
In summary, loss of Msx1 and Msx2 gene function resulted in a
defect in PGC migration. Beginning with the aberrant distribution
in the deﬁnitive endoderm at E8.0, continuing with the ectopic
localization in the posterior end from E9.5, Msx1 /;Msx2 /
mutants not only exhibited an overall delay in PGC migration, but
also contained signiﬁcantly more PGCs that have failed to be in-
corporated into the hindgut and remained in the tail.
3.3. A reduced number of PGCs in Msx1 /;Msx2 / mutant
embryos
By examining sections stained for ALP, it was clear that both the
size of the genital ridge and the number of PGCs residing in it were
greatly reduced in E12.5 Msx1 /;Msx2 / mutants (Fig. 4C, D).
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approximately 30% compared to the control (Po0.05, Fig. 4B). We
wished to understand the cellular basis of this defect. In particular,
we wished to know whether this is a defect in PGC speciﬁcation, a
deﬁciency in proliferation or is a consequence of an effect on cell
survival during PGC migration. We ﬁrst collected embryos from
E8.0 to E8.5, performed whole mount ALP staining and counted
the number of PGCs in both mutants and controls. Among em-
bryos with 4–8 somites, Msx1 /;Msx2 / mutants contain fewer
PGCs compared to embryos of other genotypes (Fig. 4A),suggesting that the function of Msx genes may contribute to es-
tablishing or maintaining the germline in prior to E8.0.
When assessed at E12.5, the reduction in the number of PGCs
was smaller than when assessed at E8.5. This smaller reduction at
E12.5 could be a result of increased PGC proliferation or decreased
apoptosis in mutant embryos. With antibodies against both PH3
and BrdU, we detected an increase in mitotic activity among PGCs
in the genital ridges in mutant embryos at E11.5 (arrows, Fig. 4E, F;
Po0.001, Fig. 4G–I) and E12.5 (arrows, Supplementary Fig. 3I, J),
possibly reﬂecting a compensatory mechanism within the gonad
J. Sun et al. / Developmental Biology 417 (2016) 11–2418whose function is to maintain an appropriate number of germ
cells. As indicated by anti-cleaved Caspase3, there were very few
apoptotic cells within the gonads at E12.5 (Supplementary Fig. 3E, G).
Many more PGCs were retarded in migration and were present in theE12.5
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J. Sun et al. / Developmental Biology 417 (2016) 11–24 193.4. Defects in PGC development in Msx1 /;Msx2 / mutants are
cell-nonautonomous
We have shown that Msx1 and Msx2 were initially expressed in
the distal end of the primitive streak at the time of PGC induction.
However, their expression was down-regulated in committed
PGCs along with Hoxb1 and other somatic mesodermal genes
(Kurimoto et al., 2008). The migrating PGCs do not expressMsx1 or
Msx2 at detectable levels. Therefore, we hypothesized that Msx
genes function non-autonomously in the surrounding mesodermal
tissue regulating PGC development. To test this hypothesis, we
created mesoderm-speciﬁc Msx1, 2 knockout embryos by crossing
the Mesp1-Cre allele (Saga et al., 1999) into Msx1, 2ﬂ/ﬂ;R26RLacZ/LacZ
mice (Fu et al., 2007; Soriano, 1999), and compared the PGC
phenotype of such mice to the phenotype of the classical Msx1, 2
knockout embryos.
During gastrulation, Mesp1 is expressed in all mesodermal cells
as they exit the primitive streak between E6.5 and E7, and is ra-
pidly down-regulated after E7.5. As a result, Mesp1-Cre induces
extensive recombination in a sub-population of mesoderm-de-
rived tissues (Saga et al., 1996, 1999), including visceral mesoderm
in direct contact with PGC-containing hindgut at E8.5 (Fig. 5D and
E), which also expresses Msx1 and Msx2 (Fig. 5A–C).
To conﬁrm that Mesp1-Cre inactivates Msx genes only in so-
matic tissue, we assessed the Cre activity of Mesp1-Cre at E12.5
and E13.5 in Mesp1-Cre;R26Rþ /LacZ embryos with an antibody
against β-Galactosidase. A monoclonal SSEA-1 antibody was used
to simultaneously identify the germ cells. In approximately 20
sections of the genital ridge, we did not ﬁnd any co-localization of
SSEA-1 with β-Galactosidase (Fig. 5F, G), suggesting that the Msx1
and Msx2 alleles were intact in the germline.
We then asked whether the distribution of PGCs was altered in
Mesp1-Cre;Msx1,2ﬂ/ﬂ mutants in a manner similar to the conven-
tional Msx1, 2 mutants. With whole mount ALP staining, we found
that relative to controls, Mesp1-Cre-speciﬁc Msx1, 2 knockout
embryos exhibited more laterally distributed PGCs at E8.0 (Fig. 5H,
I) and more tail PGCs at E9.0 (Fig. 5J, K), resembling the conven-
tional mutants. We also examined the defect at E12.5, performing
ALP staining on frozen sections of E12.5 embryos. We found that 1)
there were signiﬁcantly more tail PGCs in Mesp1-Cre;Msx1,2ﬂ/ﬂ
mutants than in their littermate controls (Mesp1-Cre negative)
(Po0.05, arrows, Fig. 5L–N); 2) PGC migration was delayed in
Mesp1-Cre;Msx1,2ﬂ/ﬂ mutants (Fig. 5O); 3) and the total number of
PGCs in Mesp1-Cre;Msx1,2ﬂ/ﬂ mutants was reduced by 30% com-
pared to the controls (Po0.001, Fig. 5P). These data suggest that
the PGC phenotype of Mesp1-Cre;Msx1,2ﬂ/ﬂ mutant embryos is in-
distinguishable from that of Msx1 /;Msx2 / mutants, at least
before E12.5. Therefore, the PGC defect in the mutants is likely
caused by cell nonautonomous effects of the loss of Msx1, 2
function.
3.5. No change in Sdf1, Col4a1 and Mmp14, but altered expression of
Wnt5a, Bmp4, and Fibronectin along the PGC migration pathway in
Msx1 /;Msx2 / mutants
Given the probable non-autonomous inﬂuence of Msx1, 2 on
PGC migration, we examined the expression of candidate che-
mokines and ECM molecules that might affect PGC migration in
Msx1 /;Msx2 / mutants. We ﬁrst examined the expression of
the chemokine Sdf1 (Cxcl12) and its receptor Cxcr4 in E9.5 embryos
and found no obvious change (Supplementary Fig. 4A–D). This was
conﬁrmed by RT-PCR with caudal tissues isolated from E11.5 em-
bryos (Supplementary Fig. 4E). It has been shown that Type I
collagen deposited around the hindgut is regulated by TGF-β sig-
naling via Alk5, thus facilitating the migration of PGCs along the
basal lamina (Chuva de Sousa Lopes et al., 2005). However, inMsx1 /;Msx2 / mutants, the distribution of Type I collagen in
the ECM appeared to be unaltered (data not shown). Nor did we
detect changes in the levels of Col4α1 and Mmp14 mRNA (Sup-
plementary Fig. 4E).
A previous study showed that Wnt5a-Ror2 signaling promotes
directional migration of PGCs in response to Kitl (Laird et al., 2011).
Interestingly, loss of function of Ror2 or Wnt5a leads to a PGC
migration defect resembling the one we observed in Msx1 /;
Msx2 / mutants, although this defect is more severe than the
Msx1 /;Msx2 /−phenotype (Chawengsaksophak et al., 2012;
Laird et al., 2011). In both cases, migration of PGCs is disrupted
when they move rostrally along the hindgut and dorsally through
the mesentery at E10.5, resulting in a signiﬁcant reduction in the
number of PGCs arriving at the genital ridge and an increase in the
number remaining in the gut mesentery and the tail including
surface ectoderm.
Knowing that Msx proteins can bind directly to cis-regulatory
sequences of Wnt5a and regulate its transcription in vitro and
in vivo (Daikoku et al., 2011; Huang et al., 2005; Iler and Abate-
Shen, 1996), we investigated the effect of loss of Msx1, 2 function
on the Wnt5a-Ror2 pathway. Indeed, we found that Wnt5a was
expressed in the hindgut mesentery at a much lower level in
Msx1 /;Msx2 / mutant embryos compared to the controls at
E9.5 (Fig. 6D, E), suggesting thatMsx1 andMsx2 function upstream
of this pathway.
Though well-documented as Bmp targets, Msx genes are also
known to function upstream of the Bmp pathway (Bei and Maas,
1998; Ishii et al., 2005; Sun et al., 2013). Given that P-Smad1/5 is
detected in the somatic mesodermal tissues surrounding migrat-
ing PGCs, we hypothesized that Bmp4 might be altered in Msx1, 2
mutants along the PGC migration pathway. Consistent with this
possibility, we noted a clear increase in the level of Bmp4 mRNA in
the body wall and surface epithelium of the genital ridge in Msx1,
2 mutants (arrows, Fig. 6G, I).
Bmp4 enhances Fibronectin synthesis or assembly in a number
of cell types (Molloy et al., 2008; Pegorier et al., 2010; Tang et al.,
2003), and Fn is a critical substrate for migrating PGCs (De Felici
and Dolci, 1989; Ffrench-Constant et al., 1991; Garcia-Castro et al.,
1997). The adhesiveness of PGCs to Fn decreases through devel-
opment, and is completely lost upon the arrival of PGCs at the
genital ridge (Ffrench-Constant et al., 1991), suggesting the adhe-
sion of PGCs to Fn as well as, Fn concentration, are crucial and
tightly regulated. We therefore examined Fn distribution in Msx1,
2 mutant embryos. By using an anti-Fn antibody, we detected an
upregulation of Fn in Msx1 /;Msx2 / mutants compared to
controls from E8.5 to E11.5 (Fig. 7). In particular, expression of Fn
in the basement membrane of gut endoderm at E8.5 (Fig. 7A–B′)
and in the hindgut and dorsal mesentery from 9.5 to E11.5
(Fig. 7C–H′) was upregulated in the mutants. During PGC migra-
tion, Fn is highly concentrated in the mesentery that connects gut
to the dorsal midline of primitive genital ridges, where migrating
PGCs are clearly in contact with Fn. We suggest that this increase
in Fn expression in the mutants could alter the balance between
attachment and de-attachment of PGCs, thus interfering with their
migration.4. Discussion
We show that global inactivation of Msx1 and Msx2 in mice
resulted in a reduction in the number of primordial germ cells as
well as deﬁciencies in their migration. We observed similar phe-
notypes in conditional mutants in which Msx1 and Msx2 were
inactivated in a subset of mesodermal cells by means ofMesp1-Cre,
suggesting that Msx genes function non-autonomously in the
control of primordial germ cell development.
Wnt5a/DAPI
M
sx
1+
/-
M
sx
1-
/- ;M
sx
2-
/-
Fragilis/DAPI Wnt5a
/
DAPI Fragilis/DAPI
B B’ C C’
D D’ E E’
A
E9.5
B/D/F/H
C/E/G/I
M
sx
1+
/-
M
sx
1-
/- ;M
sx
2-
/-
Bmp4/DAPI ALP/P-CadALP/P-CadBmp4/DAPI
F F’ G G’
H H’ I I’
HG
HG
HG
GR
DA
HG
HG
DAGR
0.1mm
0.1mm
/
Fig. 6. Msx1 /;Msx2 / mutant embryos exhibit a decrease in Wnt5a mRNA in the hindgut mesentery and an increase in Bmp4 mRNA in the surface epithelium of the
gonad. (A–E′) E9.5 embryos were sectioned and subjected to in situ hybridization with a Wnt5a RNA probe (in red, B–E) and a Fragilis probe ( in green, B′–E′) simultaneously.
Images shown are transverse sections from posterior (B, B′, D, D′) to anterior (C, C′, E, E′) as in (A). Note the reduced Wnt5a signal in the mesoderm around the gut in
Msx1 /;Msx2 / mutants (arrows, D, E) compared to Msx1þ / controls (B, C). Section in situ hybridization was also performed with a Bmp4 probe at E9.5 (F–I). Adjacent
sections were incubated with an anti-Pan-Cadherin antibody following ALP staining to mark the location of PGCs (F′–I′). More concentrated Bmp4 transcripts were observed
in the ceolomic epithelium as well as the body wall (arrows, I). HG, hindgut; GR, genital ridge; DA, dorsal aorta.
J. Sun et al. / Developmental Biology 417 (2016) 11–2420PGCs are induced by the synergistic actions of Bmp4, Bmp2 and
Bmp8b (Lawson et al., 1999; Ying et al., 2000; Ying and Zhao,
2001). The activity of Wnt3a precedes Bmps and prepares the cells
in the epiblast for the action of Bmps (Ohinata et al., 2009). While
Msx genes are targets of both Bmp and Wnt signaling pathways
(Bei and Maas, 1998; Hussein et al., 2003; Marazzi et al., 1997;
Vainio et al., 1993; Willert et al., 2002), Bmp signaling is likely
responsible for Msx gene activation in the epiblast. In Wnt3 /
epiblast-like cells, exogenous Wnt3A does not induce transcription
of Msx2; and Bmp4 or Bmp4 and Wnt3A together activate Msx2 to
a similar degree (Aramaki et al., 2013). Also supporting a key role
for the Bmp pathway in Msx2 activation is our observation that a
mutation in a Bmp-responsive Msx2 enhancer element
(560bpMsx2-hsplacZ) known to disrupt Msx2's Bmp-responsiveness (Brugger et al., 2004) also abolishes its expression
in the proximal epiblast and the distal primitive streak (Supple-
mentary Fig. 1).
It was previously reported that Msx1 and Msx2 are among a
group of mesodermal transcription factors that are upregulated in
committed PGCs in E7.25 embryos (Blimp1-positive, Hoxb1-nega-
tive) compared to proximal epiblast cells in E6.25 embryos (Kur-
imoto et al., 2008). These transcription factors, including T, Cdx2, Id1,
Hand1 and Nkx1–2, are normally associated with the formation of
nascent mesoderm. With in situ hybridization, we detected Msx1
andMsx2 transcripts in tissues that give rise to the germ cell lineage.
These transcripts co-localize partially with Blimp1 and Fragilis
transcripts (Fig. 2), suggesting that Msx1 and Msx2 are expressed in
a subset of germline cells at the time of PGC speciﬁcation.
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J. Sun et al. / Developmental Biology 417 (2016) 11–24 21Mesodermal factor T, induced by Wnt3a, directly activates
Blimp1 and Prdm14 in the germline (Aramaki et al., 2013). This
process requires Bmp4. This function of Bmp4 may be mediated by
its immediate downstream effectors working together with T to
activate Blimp1 expression. That Bmp4 treatment stimulates the
transcription of Msx2 more rapidly than Blimp1 (Aramaki et al.,
2013) suggests that although Msx genes are not strictly required to
specify PGC fate, they are part of the gene regulatory network that
establishes the germline and mesoderm lineages during gas-
trulation. By E8.25, Msx genes are downregulated in PGCs but
maintained in mesoderm (Fig. 2G–J).
Both global and Mesp1-Cre-mediated conditional Msx1, 2 mu-
tant embryos contain signiﬁcantly fewer ALP-positive PGCs thando controls (Figs. 4B and 5P). This decrease in the numbers of PGCs
is evident as early as E8.0 (Fig. 4A). Our ﬁnding that there is no
increase in the numbers of PGCs in extraembryonic tissues of the
mutants (data not shown) led us to hypothesize that Msx1 and
Msx2 function non-autonomously in the mesoderm, particularly in
the posterior streak and allantois, as part of the process that
provides a proper niche for the population expansion of pre-mi-
gratory PGCs. From E8.25 to E12.5, the reduction in the numbers of
PGCs in theMsx1, 2mutants drops from 40–60% to 30%, suggesting
that a compensatory mechanism drives the proliferation of PGCs
in the genital ridge of Msx1 /;Msx2 / mutants (Fig. 4G–I),
rescuing the deﬁciency in germ cell number. Compensatory
growth of germline cells has been documented previously in
J. Sun et al. / Developmental Biology 417 (2016) 11–2422mouse and other organisms (Gilboa and Lehmann, 2006; Lee et al.,
2013; Tam and Snow, 1981). As demonstrated in the Drosophila
ovary, an equilibrium between germ and soma is maintained
partly by feedback from the somatic intermingled cells (ICs), in-
hibiting the proliferation of PGCs. Mouse gonads might use a si-
milar mechanism. It is also possible that Bmp4 functions in such a
compensatory mechanism. Our data suggest that Msx1 and Msx2
normally maintain Bmp4 expression at low level in the ceolomic
epithelium, which may be insufﬁcient to support the early entry of
PGCs into the cell cycle. In Msx1-/-;Msx2-/- mutants, Bmp4 is spe-
ciﬁcally upregulated in the surface epithelium and possibly go-
nadal mesoderm of the genital ridge, thus promoting cell cycle
entry. It is interesting that in organ culture, Bmp4 induces Kitl
expression thus enhancing the survival of PGCs and positively
regulating PGC number (Dudley et al., 2007).
Translocation of PGCs from the allantoic mesoderm to the de-
ﬁnitive endoderm marks the initiation of their migration. This
process was thought to be controlled by the heterotypic repulsive
functions of Iﬁtm1, a member of interferon induced transmem-
brane family and expressed by cells of mesodermal origin (Tanaka
et al., 2010; Tanaka et al., 2005). Msx1 and Msx2 function in the
mesoderm as PGCs start to migrate. Disrupting Msx gene function
results in a failure of the incorporation of PGC into the gut en-
doderm, similar to the phenotype caused by loss of function in
Iﬁtm1. Therefore, we hypothesized that Iﬁtm1mediates the control
by Msx1 and Msx2 of PGC migration. We examined Iﬁtm1 ex-
pression in Msx1 /;Msx2 / mutant embryos (Supplementary
Fig. 5, ﬁnding at both E8.5 and 9.5, Iﬁtm1 is upregulated in the
dorsal neural tube but slightly downregulated in the paraxial
mesoderm in mutant embryos. However, this subtle change of the
Iﬁtm1 expression pattern does not seem to correlate with the ec-
topic location of PGCs, suggesting that the pathway by whichMsx1
and Msx2 regulate PGC migration does not involve Iﬁtm1.
That PGCs migrate through endoderm, and their movement is
synchronized with the morphogenesis of the gut is a conserved
mechanism that also operates in Drosophila and Caenorhabditis
elegans (Powell-Coffman et al., 1996; Warrior, 1994). The functional
role of gut endoderm development in directing murine PGC mi-
gration was shown by Hara et al. (2009) in embryos deﬁcient for
Sox17. Endoderm expansion is arrested in such embryos and a
majority of PGCs fail to enter the hindgut at E8.5, moving instead
into extraembryonic yolk sac endoderm. It was suggested that
PGCs were blocked at the hindgut entrance by clusters of im-
mobile, presumptive endodermal cells marked by E-Cadherin
(Hara et al., 2009). No function for Msx genes in endoderm de-
velopment has yet been described. It is unlikely that Msx genes
play a major role in this process because in Msx1 /;Msx2 /
mutants, gut development is largely unaffected and Cadherin le-
vels are unaltered (Fig. 6F′–I′). In addition, PGCs are not present in
the allantois or yolk sac in signiﬁcant numbers in the mutants
(data not shown).
The migration of PGCs is controlled by a variety of mechanisms,
including the chemokine Sdf1/Cxcr4 pathway, signaling between
Steel and c-Kit, Wnt5a and Ror2, the cell surface receptor β1-in-
tegrin, the cell-cell adhesion molecule E-Cadherin, and the gap
junction protein Cx43. Functional roles for each of those mole-
cules/pathways have been demonstrated in loss of function ap-
proaches with either knockout or chimeric mouse models (An-
derson et al., 1999; Chawengsaksophak et al., 2012; Di Carlo and
De Felici, 2000; Francis and Lo, 2006; Gu et al., 2009; Laird et al.,
2011; Molyneaux et al., 2003). We showed previously that in the
uterus Msx1, 2 act upstream of Wnt5a through a direct interaction
with its 5′ cis-regulatory sequences (Daikoku et al., 2011). This
genetic interaction appears to be stage and tissue-speciﬁc:
Msx1 /;Msx2 / mutant embryos have lowerWnt5amRNA level
in the gut mesentery at E9.5 (arrows, Fig. 6D, E) in the gonadalmesoderm at E12.5 (data not shown) but not in the body wall. The
PGC migration phenotype in Msx1 /;Msx2 / mutants exhibits
several characteristics similar to those reported in Ror2 or Wnt5a
mutants (Chawengsaksophak et al., 2012; Laird et al., 2011), in-
cluding ectopic PGC localization in the tail and ectoderm and de-
layed anterior movement. It is tempting to hypothesize that the
decrease in Wnt5a expression compromises the ability of PGCs to
sense the directional cue from Kitl thus disrupting their migration
(Laird et al., 2011). We note, however, that an effect on the Wnt5a
pathway does not explain how PGCs become trapped in the tail, as
levels ofWnt5a transcripts are unaltered in this location in mutant
embryos.
Glycoproteins of the extracellular matrix (ECM) also play cru-
cial roles in guiding PGC migration (Diez-Torre et al., 2013; Garcia-
Castro et al., 1997). Among these, Fibronectin (Fn) is widely ex-
pressed throughout the migration route of PGCs, both providing an
adhesive substratum and stimulating PGC motility (Alvarez-Buylla
and Merchant-Larios, 1986; Ffrench-Constant et al., 1991; Fujimoto
et al., 1985). Functional analysis of Fn in PGC migration is hindered
by the early embryonic lethality of Fn-null mutants (George et al.,
1993). Our ﬁnding that an upregulation in Fn accompanies the
deﬁciency in PGC migration in Msx1 /;Msx2 / mutants sug-
gests that excessive Fn or an enhanced ECM-PGC interaction ad-
versely affects the normal process of PGC homing.
Bmp4 is substantially upregulated inMsx1 /;Msx2 / mutant
embryos (Fig. 6F–I) (Ishii et al., 2005). Considering its well-docu-
mented role in Fn synthesis and assembly (Costello et al., 2009;
Molloy et al., 2008; Pegorier et al., 2010; Tang et al., 2003) as well
as its ability to stimulate PGC motility in culture (Dudley et al.,
2007), we suggest that Bmp4 mediates the effect of Msx genes on
Fn distribution thus inﬂuences PGC migration.
Our observation of tail-localized PGCs in Msx mutants re-
sembles a previously described phenotype in Bax / mutant mice
as well as a phenotype in a mir-290–295-deﬁcient mutant (Me-
deiros et al., 2011; Runyan et al., 2008; Runyan et al., 2006; Stal-
lock et al., 2003). If such “tail” PGCs fail to undergo apoptosis, they
may develop into extragonadal germ cell tumors (EGCTs). In
Msx1 /;Msx2 / mutants, we detected apoptosis in some mid-
line PGCs (Supplementary Figure 3H), however, the fate of tail
PGCs remains unclear. It is possible that they are protected from
apoptosis by increased activity of Bmp4, which induces the ex-
pression of Steel factor, functioning upstream of Bax to promote
the survival and proliferation of PGCs during their migration
(Dudley et al., 2007; Runyan et al., 2006). Therefore, it is important
to examine the fate of tail PGCs in Msx1, 2 mutant embryos at later
developmental stages.Acknowledgements
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